Introduction
Hydrogen generated by water splitting is one of the most promising alternatives for sustainable and clean future energy source. Two key factors for improving the catalytic performance of hydrogen evolution reaction (HER) are the conductivity and effectively active sites of the catalysts.
1 Due to the good conductivity and high catalytic activity, Pt-based catalysts are among the most efficient electrocatalysts for HER. In recent years, two-dimensional (2D) transition metal dichalcogenides [10] [11] [12] [13] [14] and biology. 15 Among the TMDC family, metallic niobium disulfide (NbS 2 ) shows unique anisotropic, optical, superconductivity, and magnetic properties. [16] [17] [18] [19] [20] NbS 2 has already been found as a promising material in several applications, such as battery, 21 hydrotreating catalyst, 22 and sensor. 23 At present, several effective approaches have been reported for synthesizing NbS 2 with different morphologies, for instance nanowires, 20 nanotubes, 24 nanobelt arrays, 25 and thin films. 26 However, the exploration of new applications for NbS 2 is still hampered by the lack of well-controlled sample preparation method. Chemical vapor deposition (CVD) is one of a feasible bottom-up way to synthesize 2D nanoflakes with high crystalline quality. 27, 28 Recently, Ago et al. 19 successfully synthesized single-crystalline NbS 2 nanoflakes with controlled orientation (perpendicular and lateral) on Si and SiO 2 insolating substrates by CVD growth under the ambient pressure condition. However, for electrochemical application, the direct synthesis of NbS 2 on conductive substrate materials is essential for the HER application. Furthermore, more detailed research is still needed to clearly reveal the macroscopic structure and physicochemical property of the 2D NbS 2 materials and extend its corresponding new applications.
Several excellent reviews on the catalytic application of 2D TMDCs toward high performance HER are available. 29 In this contribution, we report a two-step method via a facile CVD and thermal annealing process to synthesize the hybrid electrocatalysts comprising with NbS 2 and nanocrystalline MoS x on polished commercial glass carbon (GC). Firstly, the NbS 2 nanosheeets with 3R-type geometry were successfully grown by CVD tactics on the substrate of polished GC, as shown in Figure 1a (details are given in the Experimental Section). Then, ammonium thiomolybdates were drop-coated on the CVD-grown and isopropanol (99.5%) were purchased from Sigma-Aldrich. The commercial Pt/C (20% for platinum) was purchased from Alfa Aesar. Glass carbon was purchased from Structure Probe, Inc. Water was purified through a Millipore system. All the chemicals were used as received without any further purification. 2 MoS 4 in N,N-dimethylformamide (DMF)) on GC, followed by the same thermal annealing process. To make the discussion more brief and convenient, we used MoS x @NbS 2 /GC to represent MoS x -15.8%@NbS 2 /GC in the manuscript.
Electrochemical measurements
The electrochemical measurements were performed in a PGSTAT 302N Autolab Potentiostat/Galvanostat (Metrohm) at room temperature. Graphite rod and Ag/AgCl prepared by mixing the Pt/C and isopropanol, followed by sonicating for 30 min, and then drop-casting on the GC. In addition, 10 μL Nafion (0.5 wt%) solution in isopropanol was added to the surfaces of all the studied electrocatalysts to fix the catalysts. The stability test for the studied catalyst was performed with the time dependent current density measurement, where a constant overpotential (vs. RHE; after internal resistance compensation) was provided. All data have been corrected for a small ohmic drop based on impedance spectroscopy. It is noted that we use a graphite rod as the anode for evaluating the HER performance since conventionally used Pt anode may dissolve in electrolytes and contaminate the cathode, leading to overestimation of HER currents.
Characterizations
The crystalline structures of the samples were analyzed by X-ray diffraction (XRD, Bruker D8 Discover diffractometer, using Cu Kα radiation, λ=1.540598 Å). The morphologies of the catalysts were determined by field-emission scanning electron microscopy (FESEM, FEI Quanta 600) and transmission electron microscopy (FEI Titan ST, operated at 300 kV). X-ray photoelectron spectroscopy (XPS) studies were carried out in a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Kα X-ray source (hν =1486.6 eV) under a vacuum of 1×10 -9 mbar. The spectra were collected at fixed analyzer pass energies of 160 eV and 20 eV. The binding energies in XPS analysis were corrected by referencing C 1s peak at 284.8 eV. Figure 1c -e, respectively. The scanning electron microscopy (SEM) image and the corresponding inset in Figure S1 show that the surface of the pure and polished GC is relatively smooth. For the morphology of MoS x grown on GC (Figure 1c and inset) , the coating is rather non-uniform, micro-scale clumps were formed on the surface of GC. In Figure 1d and inset, large In addition, after the drop-coating of MoS x , the polycrystalline electron diffraction ring (the inset of Figure 2d ) of MoS x was also clearly seen from the FFT of the HRTEM image (Figure 2d ).
The surface electronic state and composition of MoS x @NbS 2 /GC were further investigated by X-ray photoelectron spectroscopy (XPS). The XPS survey spectrum in Figure S5 exhibits that the MoS x @NbS 2 /GC comprises Mo, Nb, S, C, and O elements. Figure 3(a) 3d 5/2 ) with the existence of overlapping S 2s peak, which is consistent well with our previous study. 43 In the high-resolution S 2p region (Figure 3(c) (Figure 5(a) ) 41, 42 and the S 2p in S-O bonds at 168.9 eV, respectively. (hydrogen: white, Mo: purple, Nb: green, S: yellow).
To evaluate the electrochemical catalytic performance over different electrocatalysts, Figure 4a compares the HER activities of bare GC, MoS x /GC, NbS 2 /GC, and MoS x @NbS 2 /GC (the mass fraction of MoS x is 15.8%). The bare GC electrode displayed a negligible background activity for H 2 evolution. As a comparison, the commercial Pt/C catalyst (20 wt% Pt on Vulcan carbon black) was also evaluated, which exhibited the best HER catalytic performance with a near zero overpotential for initializing hydrogen evolution at low current density values. The reference samples i.e., pure MoS x /GC and NbS 2 /GC, both of them exhibited poor HER performance (Figure 4a ). For the above two catalysts, at a current density of -10 mA/cm 2 the overpotential (vs. RHE) were -442 mV and -221 mV (Figure 4a) , with corresponding Tafel slope 79.2 mV/dec and 161.9 mV/dec, respectively (Figure 4b ).
Remarkably, for the hybrid MoS x @NbS 2 /GC sample, the overpotential at current density of 10 mA/cm 2 was -164 mV, drastically smaller than its constituent MoS x /GC (Table S1 ). Moreover, it only requires an overpotential value of -233 mV to achieve -200 mA/cm 2 , suggesting a better HER performance than the commercial Pt/C catalyst (-274 mV at -200 mA/cm 2 ) at the high current density. In addition, the HER activities of a series of MoS x -y@NbS 2 /GC catalysts with different MoS x mass fractions from 0 to 23.8% (details in Figure S6 ) and MoS x @NbS 2 /GC prepared under different annealing temperature (details in Figure S7 ) were also evaluated. Meanwhile, a simple cyclic voltammetry (CV) method i.e., measuring the double layer capacitance was used to estimate electrochemical active surface area (ESCA). 52, 53 In our study, CV in the potential region from 0.08 to 0.225 V (vs. RHE) at different scan rates (10~60 mV s -1 ) were recorded (details in Figure S8 ). The double layer capacitances (C dl ) for three studied samples, which should be directly proportional to the surface area, are extracted by ploting the △j at a given potential (0.152 V vs. RHE) against the CV scan rates ( Figure S8b ). The measured C dl for NbS 2 /GC, MoS x /GC, and MoS x @NbS 2 /GC samples were summarized in Figure S8b , from which we conclude that the catalyst MoS x @NbS 2 /GC exhibits to a higher double-layer capacitance i.e, 7.13 mF cm -2 (large than 3.3 times for MoS x /GC, large An optimum HER activity is generally suggested to be obtained if ∆G H is closer to zero. 56, 58 Because from the HER activity evaluation (Figure 4a&b , Figure S6 , and Figure S7 ) results, we could draw the conclusion that the MoS x is the main performance contributor for the hybrid catalyst. We performed first-principles calculations using Vienna ab-initio simulation package (VASP) (The calculation details are in the Supporting Information), and calculated 4×4 supercells of MoS x and MoS x @NbS 2 , using the same lattice constant of NbS 2 . We considered 1, 2, 3, and 4 single S vacancy defects and the full hydrogen coverage at all defect sites on the 4×4 performance. On the other hand, the Mo-edge is also catalytically active for HER. 59 We thus considered the HER at Mo-edge of (1) a 4×2 flake of MoS 2 , and (2) a 4×2 flake of MoS 2 on a 10×2 supercell of NbS 2 . We obtained ∆G H = -0.48 eV for (1), and ∆G H = -0.16 eV for (2). The much reduced ∆G H for the hybrid system corresponds to a better HER performance than the pristine MoS 2 flake. Therefore, our density functional calculations suggested that MoS x @NbS 2 offer better HER performance than MoS x , consistent with our experimental findings.
In addition to the HER efficiency, the stability is another critical factor for evaluating a catalyst. Figure 4c displays of ten. 60 Therefore, the amorphous MoS x with many defects shows weak stability, while less active NbS 2 with well crystalline phase displays the highest stability.
Conclusions
In conclusion, we have developed a facile two-step method (CVD and thermal 
